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ABSTRACT
The first stage of ignition in saturated hydrocarbon fuels (in diesel combustion) is
characterized as low temperature heat release (LTHR) or cool flame combustion. LTHR
takes place as a series of isomerization reactions at temperatures from 600K to 900K, and is
often detectable in HCCI, rapid compression machines, and early injection low temperature
combustion (LTC). The experimental investigation presented attempts to determine the
existence of LTHR behavior in late injection low temperature combustion in a medium duty
diesel engine with both petroleum diesel and biodiesel fuels and to determine the influence of
such behavior on LTC torque and emissions.
Three experiments were performed to meet these objectives: the first studies two
operating modes (conventional combustion with -8° after top dead center injection timing
and 0% EGR and low temperature combustion with 0° after top dead center injection timing
and nominally 42% EGR level) with standard petroleum diesel, palm biodiesel, and soy
biodiesel; the second studies a sweep of EGR level from 0% to nominally 45% with
petroleum diesel and palm biodiesel with a constant injection timing of 0° after top dead
center.  The third and final experiment utilized petroleum diesel, soy biodiesel, and blends
from the two fuels (20 and 50% soy biodiesel) to see the influence of viscosity and density
on LTHR.  LTHR is apparent in all fuels’ rates of heat release profiles at the LTC operating
conditions. Diesel fuel LTC displays a longer and more intense LTHR phase. Lower amounts
of LTHR in the palm biodiesel causes less sensitivity to EGR, less instability, and produces
better torque and emission characteristics.  Density and viscosity only change the shape of
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the LTHR duration, while cetane number or ignition quality affects the length of the LTHR
duration.
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11 INTRODUCTION
1.1 Motivation
The compression ignition or "diesel" engine is a very versatile, complex, and useful
technology for converting chemical energy into mechanical power.  The diesel engine has a
broad scope of users from the military, and industry, to everyday society for transportation,
agriculture, and power generation.  Higher compression ratios, along with leaner burning
equivalence ratios during combustion, typically give diesel engines high thermal,
combustion, and fuel conversion efficiencies. For example, modern locomotive diesel
hybrids use a gallon of fuel to move one ton of freight an average of 202 miles [1].
Volkswagen has seven different diesel vehicles that average 41 miles per gallon on the
highway, and concept diesel hybrids can average from 62 to 78 miles per gallon [2-4].
Another advantage, resulting from its typically higher compression ratio and in-cylinder
pressures requiring the diesel engine to be composed of robust parts, is its greater time
between rebuilds (up to 250,000 miles in a vehicle, for example). Cummins Inc., for
example, has a Million Mile Club (this club is for the heavy duty Dodge 2500 series that
utilizes Cummings diesel engines and make it to one million miles without an overhaul) [5,
6]. Given the efficiency and robustness, there is good justification to continue advanced
development of diesel engines.
One challenge facing all combustion-related power systems, with diesel engines as no
exception, is increased scrutiny on carbon dioxide (CO2), nitrogen oxides (NOx), and
particulate matter (PM) emissions. Engine manufacturers are being forced to innovate new
technologies for in-cylinder and exhaust after treatment of internal combustion engines,
including diesel engines, to meet the federal government regulations (such as the
2Environmental Protection Agency, or EPA, in the United States) on these and other regulated
gases. In various respects, the regulations controlling exhaust gases have been more
stringent over the years; two reasons in particular are the effects that these gases have on the
environment and human health. The greenhouse gas CO2 has come under the scrutiny of the
EPA.  Thus now, more than ever, fuels that produce less net CO2 emissions are important to
both manufacturers and consumers, alike.  The EPA is most concerned about the infrared
radiation that carbon dioxide traps in the earth’s atmosphere (referred to as "The Greenhouse
Effect"), and that continued unregulated CO2 emissions will contribute to an increased rate of
climate change. NOx, carbon monoxide (CO), and PM emissions can combine to form
smoke ozone gases (SMOG). SMOG contains irritants such as peroxyacetyl nitrate, which is
harmful enough to kill mice after short-term exposure, and has harmful effects to the human
body as well [7]. One of the primary components of SMOG, ozone, is known to cause trauma
to the lungs, the enzyme system, and other bodily tissue [7, 8]. In the atmosphere, NOx reacts
with other natural and anthropogenic agents to form acid rain. Acid rain damages plant life
by contaminating water supplies, and it speeds up the corrosion or decay of building
materials such as bronze, marble, and paints [9]. CO and PM also may have detrimental
effects on the human heart, lungs, and brain function [8]. Due to these and other effects they
may have on human beings and their environment, regulated emissions from internal
combustion engines such as diesel engines will continue to become more stringent.
The EPA has different mechanisms for regulating emission gases from engine
exhaust; one such method typically applied to heavy-duty engines (of which diesel engines
compose a majority of applications) is based on the power-normalized mass emission rate on
a grams per kW hour basis (g/kW-hr). The regulations are categorized into tiers where higher
3numbered tiers have more stringent regulation. These regulations cover small and large bore
engines, for on and off highway applications. For example, US EPA Tier 4 regulation
decreased NOx emissions by 95% relative to Tier 1 and PM emissions by 93% relative to
Tier 2 in off-highway applications (with diesel engines between 75 and 130 kW) [10]. By
2015, the EPA hopes to cut PM emissions by 90% for large non-road engine applications
(greater than 900 kW) [11]. Such reductions will affect power generation, train traffic,
shipping, agricultural, and military applications. In order to meet the Tier 4 emissions
standards companies have turned to after treatment devices [12-15].
Generally, there are two after treatment systems needed; one to target NOx and the
other to target soot.  Selective Catalytic Reduction (SCR) is the latest NOx after treatment,
which employs a diesel exhaust fluid (DEF, which is typically urea or ammonia) that reacts
with NOx to produce nitrogen and water [12-14]. In combination with the SCR, the Diesel
Particulate Filter (DPF-passive) or a Diesel Oxidation Catalyst (DOC-active) reduces PM
emissions by reducing soot.  They are composed of ceramic filter media that trap soot and
regenerate (i.e., oxidizes collected soot). Many companies use a combination of passive and
active regeneration in order to meet compliance at low and high load conditions [12, 15].
NOx and PM are reduced up to 90% from these after treatment devices, but they add extra
weight, back pressure, and other design constraints. Because of this and the continuing
reduction in allowable emissions, innovative developments of diesel combustion are needed.
One innovation of high interest is low temperature combustion (LTC).
LTC shows promise in helping to meet future emission standards in that it has the
ability to reduce NOx and soot (fixed carbon) simultaneously [16, 17]. This is accomplished
by creating a more uniform in-cylinder charge by increasing ignition delay (typically
4manifested by decreased in-cylinder oxygen content) and lowering combustion temperatures
(also due to decreased in-cylinder oxygen content) [16, 18]. LTC defeats the “Soot NOx
tradeoff” (described more in Section 2) inside the cylinder, decreasing the burden placed on
after treatment devices.  This advancement could possibly give manufacturers the ability to
lower application weight, manufacturing costs, and maintenance costs for the consumer.
LTC also offers opportunities for increased efficiency through improved thermodynamic
properties of the burned and expanding mixture and lowered heat transfer.
LTC is not, however, without its problems. Although LTC substantially reduces soot,
soot is only one component of the regulated emission which is particulate matter (PM). PM
contains other mobile fractions of carbon and inorganic substances that may increase with the
use of LTC. The soot fraction of exhaust is often measured with a smoke meter, which
reports arbitrary but relative units of filtered smoke number (FSN). Under conventional
modes of combustion, FSN can be used appropriately to predict PM emissions [19]. Under
LTC conditions, however, PM emissions often do not correlate with FSN since the exhaust
gas contains high concentrations of unburned fuel due to the lower temperatures and charge
extinction; this unburned fuel gives the PM a yellowish tint [20, 21]. Other issues with LTC
include its limitation to low load/speed conditions [20, 22], because combustion noise,
carbon monoxide (CO), hydrocarbon (HC), and soot emissions tend to rise with the use of
higher loads during LTC [23, 24]. The limited operating range of LTC is a major hurdle
utilizing it as a mode of combustion. The higher amounts of CO and HC have been
attributed to low temperature heat release (LTHR). In some cases [25] the LTHR and longer
negative temperature coefficient (NTC) regions increase mixing times delaying combustion
5further into the expansion stroke [25], presumably creating regions of over mixing and
combustion temperatures too low to fully oxidize HC and CO [26].
One potential way to mitigate problems of LTC is to investigate unconventional fuels.
Incorporating biodiesel and advanced methods of combustion (such as LTC) could help solve
issues associated with LTC (high HC, CO and soot emissions at high loads), and provide a
clean and potentially carbon-neutral engine exhaust system in the future.  Unlike regular
diesel fuel, biodiesel contains oxygen in its fuel structure and has been shown to improve the
stability of LTC [27]. While aliphatic chain esters of biodiesel act like the n-paraffins that
make up diesel fuel, many biodiesels exhibit very little two-stage ignition (LTHR) under the
same operating conditions as those used with petroleum diesel [28]. As described below, this
is believed to result from the highly unsaturated fatty acid esters that compose most
biodiesels. For example, more than 50% of the esters composing one of the biodiesel fuels of
this study are unsaturated. Biodiesel is an oxygenated fuel that produces less smoke than
conventional diesel; biodiesel derived from plant seed oil ideally has zero CO2 impact, as
seen in the closed circle diagram in Figure 1 [29], unlike  the broken fossil fuel circle for
diesel. Thus, in order to ensure a healthy future for the diesel engine, the environment, and
humanity in general, additional research on LTC and biodiesel are necessary.
6Figure 1: Carbon Dioxide Cycle [29]
The objectives of this study are to 1) determine if two-stage ignition (LTHR) during
LTC is present and 2) characterize the difference in two-stage ignition between biodiesel and
diesel in how it affects engine performance, efficiency, and emissions during LTC. In this
work, the objectives will be met by performing three experiments.  First, two operating
modes (conventional combustion and LTC) were studied using conventional timing of 8°
before top dead center (bTDC) with no EGR and 0° bTDC with nominal 42% EGR level,
with petroleum diesel, palm biodiesel and soy biodiesel.  The second experiment studied an
EGR sweep from 0% to 45% at an injection timing of 0° bTDC with petroleum diesel and
palm biodiesel. The final experiment conducted attempts to isolate the influence of density,
viscosity, and cetane number differences among petroleum diesel, palm biodiesel, soy
biodiesel, and two blends (20% and 50%) of soy biodiesel and petroleum diesel; in this
experiment, two operating conditions (conventional combustion and LTC) are studied. The
experiments are designed such that energy content, and turbo charger vane position are held
constant. Specific analysis will evaluate how the ignition properties of the fuels affect how
7LTC is attained, as well as how LTC affects torque, combustion duration, heat release,
emissions, and the effects of fuel properties on LTHR.
82 LITERATURE REVIEW
2.1 Oxides of Nitrogen and Soot Formation
A major goal of LTC is to reduce NOx emissions; thus, some information regarding
nitric oxide formation (the precursor species of NOx) is provided. NOx is a combination of
two gases: nitric oxide (NO) and nitrogen dioxide (NO2).  NO is formed during high
temperature combustion by the oxidation of atmospheric nitrogen and fuel nitrogen.  It is in
gaseous form both pre- and post-flame front, but mainly in post-flame front.  NO then reacts
with hydroperoxl (HO2) to form NO2 and hydroxyl radical (OH). Reactions 1-3 compose the
NO formation mechanism in typical combustion systems, including diesel combustion; the
mechanism is commonly known as the extended Zeldovich mechanism, or the “thermal”
mechanism. The mechanism is valid between 300K and 5000K [30].+ ←→ + Reaction 1+ ←→ + Reaction 2+ ←→ + Reaction 3
The high temperature that drives NO formation promotes soot oxidation (soot formation and
oxidation explained in the later section).  This phenomenon leads to the “Soot NOx tradeoff.”
If the in-cylinder temperatures are lowered by some means (such as exhaust gas recirculation,
or EGR ), then both NO formation and soot oxidation decrease, causing a decrease in NOx
emissions but an increase in net soot release.
Net soot release is a balance between the soot that is formed and the soot that is
oxidized during combustion. A basic description of these two components (soot formation
and soot oxidation) follows. Soot formation begins as the pyrolysis (temperature-induced
9fragmentation in the absence of oxygen) of hydrocarbons at temperatures around 1700K [30,
31].  In diesel combustion soot is formed by pyrolysis where the reaction has a high
temperature and a rich equivalence ratio, as demonstrated in Figure 2 [32, 33] for the more
developed diffusion flame (it is noted LTC may have little to no diffusion combustion, but
the soot formation mechanism is the same).
Figure 2: Conceptual Model [32, 33]
There are three stages of soot formation: nucleation, growth, and chain formation [34, 35].
Nucleation (1st stage) is a reaction among hydrocarbons that form compounds that appear to
resemble sphere-like particles.  These particles are only a small part of the total weight of the
soot particle [34], and form larger particles by colliding with and conjoining to one another
while reacting with gaseous hydrocarbons on the surface [34] (2nd stage). Eventually the
particles stop conjoining with one another and form chainlike structures [34] (3rd stage).  The
unburned fuel and oil attaches to the soot particles after the gases leave the cylinder [5, 30].
The soot particles that leave the cylinder are only a portion of the soot that was formed, as it
is formed in the fuel rich-premixed regions in Figure 2. The momentum of the fuel jet and
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entrained air from the lift off region pushes the soot to the oxidation zones on the peripheral
section of the fuel jet [32].
Soot formation and oxidation have strong correlations to the oxygen present in the
charge. Increased oxygen leads to greater temperatures in the rich fuel zone that aids soot
formation [36]. Simultaneously it also increases the temperatures at the outside of the jet
aiding oxidation and oxidizing concentrations of O, OH, and O2 [36]. It is here that the effect
on the increased oxygen increases the adiabatic flame temperature and soot oxidation
increases, lowering the net soot concentrations, while increasing the NOx formation. The
soot oxidation region of the fuel jet consists of high temperatures and lean equivalence ratios.
This is also the region that promotes NO formation [32]. There are other factors that play an
important role in soot oxidation and the overall net soot released such as the mixing of the
charge and the equivalence ratios when combustion takes place [37]. Studies have also
shown that increasing fuel oxygen content and flame lift off (lift off length in Figure 2) aids
soot oxidation [38]. This is an area where biodiesel has received a tremendous amount of
attention.  Biodiesel is an oxygenated fuel and produce less soot during conventional
combustion [39]. Combining biodiesel with LTC may help to resolve problems of high
concentration of fuel in PM emissions as it does not suffer from long LTHR, which increases
HC and CO due to over mixing and bulk quenching [25].
LTC attempts to rid the cylinder of high temperature diffusion burning, and instead
create a premixed burn of a more homogenous mixture below the temperature of both soot
and NOx formation. The unburned fuel produced in LTC (described in more detail in 2.2)
adds additional mass to the particulate filter measurement, even though fixed carbon soot is
reduced as indicated by filter smoke numbers.   The PM in LTC exhaust gas tends to
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increase, but this increase is not detected by smoke meters because the exhaust gas is of a
lighter color (smoke meters relate the elemental or black carbon portion of soot by the
opacity of the exhaust gasses, and the accuracy of such meters tends to increase with high
levels of elemental carbon) [20-22, 40].   Bobba et al. found that the soot precursor
polycyclic aromatic hydrocarbons (PAH) tends to survive the combustion process and not
nucleate into soot particles [18].  Thus the PM that is formed during LTC is composed of less
soot, but more weight, due to the unburned fuel than the PM formed during regular diesel
combustion.
2.2 Low Temperature Combustion (LTC)
LTC is an advanced mode of combustion that simultaneously reduces NOx and soot
emissions from the cylinder of an engine [16, 17, 27, 41].  The principle behind the reduction
in NO and soot emissions is to have combustion events occur below the temperatures at
which soot and NO form; this is often manifested with high amounts of EGR (i.e., 30-60%)
[21, 23, 41, 42]. The result is a prevention of the thermal mechanism for NO formation, with
combustion occurring, on average, below the temperatures (less than1800K) and equivalence
ratios (overall below 2) that cause in-cylinder soot formation, as seen in Figure 3. Figure 3 is
based on rapid compression machine and constant volume combustion experiments
performed with propane).  In other words, LTC defeats the “Soot NOx trade off” [31, 43].
The use of high EGR reduces combustion temperatures, lowers the intake oxygen content to
between 9% and 18% [21, 44-46], and allows for a longer mixing period, in order to form a
more homogeneous charge by extending the ignition delay (defined as the time between the
initiation of fuel injection and the start of combustion).  EGR is a mostly inert gas that dilutes
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the intake charge. These gases take no part in combustion, but instead absorb the energy
from the combustion reaction and therefore lower the average flame temperature. The use of
high levels of EGR is common among several implementations of LTC. Another parameter
that is adjusted is injection timing. There are commonly two approaches to achieving LTC
via injection timing adjustments: (1) early injection timing (up to 25° before top dead center),
or (2) late injection timing (0° before top dead center) [20, 47]. Both approaches lower both
the equivalence ratio and temperature avoiding the high soot and NO formation regions, and
extend the ignition delay for better mixing to avoid rich burning regions as shown in Figure 2
indicated in the red regions of the jet.
Figure 3: Soot and NOx Contours Adopted from [31, 43]
Each approach, however, has its challenges. Using early injection produces excess
noise from the combustion taking place before top dead center (TDC) and causes cylinder
wall “wetting” due to over-penetration of the liquid jet.  Wall wetting leads to high CO and
HC emissions [48]. Later injection timing causes combustion to take place during the
expansion stroke, which robs the effectiveness of the pressure rise because the in-cylinder
volume is greater.  Later-phased combustion aids with quenching the thermal NO effect, but
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it comes with the price of incomplete combustion (higher HC and CO emissions),
deterioration of brake specific fuel (or energy) consumption, and loss of power [20, 48-50].
The variations in exhaust gas composition (from normal diesel combustion to LTC) also
present differences in PM composition and color.
2.3 Biodiesel
Biodiesel is a diesel surrogate that can be manifested by means of transesterification
from bio-oils, plant seeds, algae, waste cooking oils, and animal fats. Transesterification is a
chemical reaction that combines triglycerides with alcohols; the products that are formed are
esters of the oil and glycerin, as shown in Figure 4 [51].
Figure 4: Biodiesel Chemical Reaction [51]
The reaction is aided by an alkaline catalyst (sodium- or potassium-based).  Methanol and
ethanol are the two most common alcohols used, and the resulting esters are methyl or ethyl
esters, depending upon the alcohol.
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The biodiesel feed stocks differ from one another by the fatty acid content, and the
fatty acid composition of the feed stock has a major impact of the main properties of the fuel.
Some main properties that differ between biodiesel and diesel are density, viscosity, and
oxygen content. All three of these properties are typically higher for pure biodiesel than for
diesel [4, 52-54].  Cetane numbers for a given biodiesel are dependent on the oils or animal
fat from the feed stock. Feed stock may have various cetane values, depending upon the
length of the alcohol chain [55], the degree of fatty acid saturation, the molecular weight of
the esters, the sequential methylene (CH2) bonds, and the respective locations of the double-
and triple-bonded fatty acids [55, 56].  Feed stock containing high amounts of linoleic and
linolenic acids have lower cetane numbers because of the double and triple bonds of the
unsaturated fatty acids [57]. In the literature it is stated that biodiesel with cetane numbers
below 52 is based from oils derived from rapeseed, soy bean, rubber seed, cotton seed,
jatropha, and sunflower[56].  The lower heating value of biodiesel is 10% to12% lower than
that of diesel fuel, thus requiring a higher fuel flow rate to generate the same torque value
[27, 53].
There are issues that are of concern to engine manufacturers with regards to the use
of biodiesel in engines.  Biodiesel is a solvent that deteriorates rubber fuel lines and seals.
Some manufacturers recommend only allowing concentrations of 5% to 20% biodiesel in the
engine or the manufacturer will void the warranty [58].  Another problem with biodiesel
concerns the NOx emissions.  These emissions were found to increase over those of
petroleum diesel by about 11% [52]. This phenomenon is known as the biodiesel “NOx
Effect.”  Many studies have identified advances in injection timing, shortening of ignition
delay, altering of combustion phasing, and higher adiabatic flame temperature [4, 53, 59, 60]
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as causes for the increase. Mueller et al. found that the extra oxygen content, lower soot
emissions, higher cetane numbers, and faster combustion events cause the "NOx Effect" [61].
All the factors listed in the research of Mueller et al. work together to create a more suitable
environment for NOx formation; the oxygen content causes auto ignition mixtures to be
closer to the stoichiometric, which causes higher adiabatic flame temperatures.  The lower
soot emissions create less radiative heat transfer and biodiesel’s oxygenation causes shorter
combustion times. Thus, post flame gas temperatures tend to be higher with biodiesel,
leading to higher NO formation [61].
LTC-fueled biodiesel experiments show a promising future for LTC viability, with
most experiments exhibiting the same, if not better, combustion and emission characteristics
as diesel LTC.  The oxygen content in biodiesel has been shown to produce lower soot
luminosity (which is related to soot concentration)  than diesel, for late injection timings [47].
Power output, combustion, and fuel conversion efficiencies all improve with an increase in
fuel oxygen content due to improvements in combustion efficiency and faster burn rates [50].
The large CO and HC emissions that plague diesel LTC show improvements when certain
types of biodiesel are used [41, 62].  The CO and HC improvements, along with the ability of
LTC to reduce NOx and PM, are good indicators that more biodiesel LTC studies are
warranted.
2.4 Low Temperature Heat Release
Low temperature heat release (LTHR) or the first stage of two stage ignition is
associated with paraffin based fuels [63]. Fuels that have high cetane numbers, or are highly
saturated have more LTHR during ignition [64]. It is often overshadowed in conventional
diesel combustion by fuel evaporation and heat transfer , and it seems to be less in biodiesel
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due to the unsaturated fatty acid content that hinder internal isomerizations that aid low
temperature heat release [28, 65].
LTHR starts before flame lift off length and may continue until the second stage of
ignition has started and quasi-steady lift off length is established [33, 66, 67]. The position
or how far ahead of lift off length is determined by the ambient conditions, and fuel
saturation, where high temperatures and oxygen concentration (conventional diesel
combustion) place the two close to one another [66]. While on the other hand low
temperatures and oxygen concentration move them further away from one another [66] (LTC
conditions), however, during LTC the diesel jet may not even have a lift off length as shown
by Musculus et al. [33], where the fuel jet impinges on the wall and there is cool flam but no
established lift off length[33].
LTHR starts to occur in the temperature range of 760 to 880 K [68, 69]. There are
eight stages to the reaction that cause two-stage ignition: first hydrogen is abstracted from
parent paraffin.  Then, alkyperoxy radical is formed by the addition of an oxygen atom. Next
the alkyperoxy radical undergoes an internal isomerization to form an alkylhydroperoxy
radical. The alkylhydroperoxy radical decomposes into a carbonyl, an olefin, and a hydroxyl
radical, or cyclic ether species and a hydroxyl radical.  The radicals formed from the internal
isomerization are attacked by oxygen atoms, followed by another internal isomerization
which abstracts a hydrogen atom.  The final step produces a keytonhydroperoxide, and
hydroxyl radicals [28].  These reactions continue until the energy no longer favors the
isomerizations, and a negative temperature coefficient is noticed (in some cases), because the
reactions stop as the in-cylinder temperature increases.  LTHR increases with cetane number
17
and fuel saturation [70], it can also occur without the presence of NTC regions [71], as
presence of NTC indicates the end of LTHR, and not the presence [37].
As has been mentioned above, LTC has challenges to overcome before it can provide
emissions and efficiency benefits. Biodiesel is a renewable fuel that could supplement or
replace diesel fuel and aid in the implementation of LTC. Biodiesel has shown improvement
to certain aspects of LTC problems such as power, combustion efficiency, and LTC-
problematic emissions (CO and HC). This is why the potential for certain types of biodiesel
and their rapid transition from first-stage to second-stage ignition could possibly extend LTC
operating ranges, and more information on two stage ignition and the effects it has during
late injection LTC is needed. This study will determine if two-stage ignition (LTHR) during
LTC is present, and characterize the difference in two-stage ignition between biodiesel and
diesel in how it affects engine performance, efficiency, and emissions during LTC.
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3 EXPERIMENTAL METHODOLOGY
3.1 Fuels
Five fuels are evaluated in this study: 1) diesel #2 (D2), 2) palm biodiesel (B100),  3)
soy biodiesel (SB100), 4) a blend of 50% soy and 50% diesel #2 (B50), and 5) a blend of
20% soy and 80% diesel #2 (B20); specifications for each are shown in Table 1.  Fuel
properties were determined by ASTM and SAE standards, except for the blended fuels.  The
blended fuels properties were determined by Kay’s Mixing Rule [72, 73], except for
viscosity which was determined by ASTM standards (ASTM D 44540C).  To avoid fuel
contamination and minimize systematic error during fuel changes, the fuel lines were drained
completely and the engine operated for 20 minutes before measurements were taken between
fuel changes.
Table 1: Specifications of fuels used in the study.
Property P100(Palm) D2
S100
(Soy)
S20
(Soy)
S50
(Soy)
Carbon
(mass %) 76.18 86.09 76.95 84.26 81.52
Hydrogen
(mass %) 12.37 13.53 11.76 13.17 12.65
Oxygen
(mass %) 11.45 0.78 11.29 2.88 6.04
Density
(kg/m3) 875 826 885 837 855
Net
Heating
Value
(MJ/kg)
37.19 43.01 37.3 41.87 40.16
Cetane
Number 64 51.3 49.6 50.96 50.45
Viscosity
(cSt) 4.74 2.25 4.07 3.37 3.99
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The fatty acid methyl ester profiles were performed by the Eastern Regional Research
Center Agricultural Research Service of the U.S. Department of Agriculture in Wyndmoor,
PA by gas chromatography.  They are displayed in Table 2.
Table 2: Biodiesel FAME profiles for soy and palm biodiesels
Fatty Acids DoubleBond Soy Palm
Myristic 14:0 0 1.18
Palmitic 16:0 11.40 41.60
Stearic 18:0 4.57 4.47
Oleic 18:1 21.40 42.90
Linoleic 18:2 53.80 9.87
Linolenic 18:3 7.49 0
3.2 Engine
The experimental apparatus consists of a 4.5L medium duty diesel engine.  The
engine uses a variable vane turbocharger, an exhaust gas recirculation system, and a high
pressure common rail fuel injection system. Specific details of the apparatus are shown in
Table 3.
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Table 3: Specifications of engine used as experimental apparatus throughout
the study.
Bore 106 mm
Stroke 127 mm
Cylinders 4
Piston Bowl in Top
Compression Ratio 16.57:1(measured) 17:1 (nominal)
Combustion Chamber Flat Head
Injector Type and Number of Holes Solenoid, 6 Holes (0.18 mm dia)
Rated Power 115 kW at 2400 rpm
Rated Torque 430 Nm at 1500 rpm
Ignition Compression
Induction Variable Geometry Turbocharger with EGR
Fuel System Electronic Common Rail, Direct Injection
Engine control parameters (injection timing, injection duration, rail pressure, and
EGR valve position) are controlled by the stock engine control unit (ECU) to establish
baseline low load parameters and a third party ECU from National Instruments Powertrain
Control Systems (San Antonio, TX), which was used to conduct the experiments. Baseline
parameters are the same as those of the production-based low load test condition from the
ECU, and are displayed in Table 4.  The turbocharger vane position was fixed during the
baseline test and held constant throughout testing.
Table 4: Baseline engine conditions
Base Line Engine Conditions
Engine
Speed
(RPM)
BMEP
(Bar)
Torque
(Nm)
EGR
(%)
Injection
Timing
(deg
ATDC)
Fuel Rail
Pressure
(Bar)
Energy
Input
(kJ)
Turbine
Speed
(RPM)
Intake
Manifold
Pressure
(Bar)
Exhaust
Manifold
Pressure
(Bar)
1400 2.59
± 0.1
68.42
± 2.68 0 -8 816
46.80
± 0.49
59500
± 674
1.21
±0.01
1.64
±0.011
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 Variables that remained constant throughout testing were the engine speed, the energy 
input into the fuel, the common rail fuel pressure, and the turbine vane position. The 
variables that were varied were the EGR valve position, and injection timing.
Table 5 shows test conditions for LTHR comparison among all fuels and Table 6
shows the engine test conditions for the EGR sweep between petroleum diesel and palm
biodiesel (B100). Test conditions in Table 5 were set to show that there was a difference
between conventional vs. LTC diesel combustion and to characterize the difference in LTHR
between the two fuels. EGR is the only variable to change when further characterizing
LTHR, as shown in Table 6 so as to provide a systematic way of describing LTHR with
respect to fuel behavior as LTC is attained.
As noted, injection timing, and or EGR valve position changes throughout the study.
The mass of fuel varied according to fuel-type in order to maintain the same energy input for
each nominal operating condition. The fuel mass flow rates are different among the fuels
since they have different heating values; this study’s B100 has a heating value that is roughly
12% lower than this study’s D2. This manifests itself as the fuels having different brake
specific fuel consumption values for the same operating condition, as shown in Figure 5.
Table 5: Engine operating conditions for the study of injection timing under normal
and LTC conditions.
Injection
Timing
(°ATDC)
EGR
Level
(%)
Fuel Rail
Pressure
(Bar)
Energy
Input
(kJ)
Intake
Manifold
Pressure
(Bar)
Exhaust
Manifold
Pressure
(Bar)
-8 0
816 46.80
± 0.49
1.205
±0.005
1.644
±0.011
0 42 1.07
±0.004
1.25
±0.02
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Table 6: Engine operating conditions for the study of EGR level under LTC
conditions.
Figure 5: Brake specific fuel consumption for conventional diesel combustion at 2.6
bar BMEP.
The test conditions from the aforementioned tables were set to test the presence of
LTHR during LTC, observe the differences in LTHR between petroleum diesel and palm
biodiesel, and to observe how LTHR behaves as LTC conditions are reached. Table 7 shows
the test conditions for the third and final experiment comparing palm biodiesel, petroleum
diesel, soy biodiesel, and the petroleum/soy blends. This experiment was designed to
Injection
Timing
(° ATDC)
EGR Level (%)
Fuel Rail
Pressure
(Bar)
Energy
Input
(kJ)
0
0
816 47.34
± 0.32
35% (palm biodiesel)
37% (petroleum diesel)
44% (palm biodiesel)
46% (petroleum diesel)
B
SF
C
(g
/k
W
h)
68.4 68.6 68.8
0
50
100
150
200
250
300
350
400
D2
B100
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compare LTHR of fuels with similar ignition timing (i.e., petroleum diesel and soy biodiesel
have similar cetane numbers), and to distill other fuel property effects (i.e., density and
viscosity) on LTHR.
Table 7: Test condtions for  soy biodiesel and biodiesel/diesel blends.
Injection
Timing
(°ATDC)
EGR
Level
(%)
Rail
Pressure
(Bar)
Energy
Input
(kJ)
0 42% 816 46.81
± 0.21
3.3 Data Measurement
In-cylinder pressure is measured on a 0.2° crank-angle resolution in all four cylinders
using standard non-cooled piezo-electric pressure transducers from Kistler, Inc. (Model
#6052C32). The transducer’s maximum measureable pressure is 300 bar with a sensitivity of
±0.5% over the temperature change of 250°C (after 250°C it is less than or equal to 2%), and
has a maximum temperature range of 400°C. In-cylinder pressure is used to calculate rates
of heat release and heat transfer, bulk gas temperature, and thermodynamic properties using
the methods implemented by the single zone model described in Depcik et al., and the heat
transfer coefficient described by Hohenberg, et al. [74, 75]. The single zone heat release
model utilizes the First Law of Thermodynamics during the closed part of power stroke
(from intake valve closed until exhaust valve opening) as shown in Equation 1.
 
i i
i
d m u dm du dV
u m p Q m h
d d d d   
         Equation 1
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It assumes that the cylinder mixture is premixed, has a constant mass, behaves as an ideal
gas, the specific heat value comes from air as a function of temperature, and there is no blow-
by.
Pressure measured from the intake manifold was measured with an Omega
Engineering strain gauge pressure transducer, model PX309-050A5V, the pressure range of
which is 0 to 3.45 bar, with a total error of 2% throughout the range of operation. This is a
crucial measurement in this study as it is used to ensure that the VGT vanes are in the correct
position to give the same boost when different fuels are used.
A General Electric DC dynamometer controls and measures the speed and load of the
engine.   Speed from the dynamometer is measured with a shaft encoder; the torque is
calculated from the force measured by a load cell, which has a repeatability of 0.01%,
attached to the dynamometer by a known torque-length.
Fuel measurements are from a fuel metering system using Max Machinery
components. The fuel meter itself is a positive displacement piston measurement device that
ranges from 1 to 1800 cubic centimeters (cc) per minute (accuracy of 0.02%). A transmitter
attached to the meter correlates the flow rate to a frequency signal, which is processed by the
data acquisition system to units of g/s. The system can operate at a maximum pressure and
temperature of 1.38 bar and 93.3°C, respectively.
Gaseous emissions are measured post-turbocharger by a Horiba MEXA 7100D full
scale emissions bench. This bench measures carbon monoxide (CO) and carbon dioxide
(CO2) using non-dispersive infrared detection. The hydrocarbons (HC) are measured using a
heated flame ionization technique, calibrated with propane. No correction is made to account
for potentially changing species’ sensitivities through the detector as fuels are changed. A
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magneto pneumatic oxygen (O2) detector is used to detect O2 (e.g., possible increase in
aldehyde HC concentrations with the use of biodiesel). Chemiluminescence is used to
measure nitric oxide (NO). During measurements the exhaust sample is filtered and
maintained at 190°C to prevent the NO and HC from condensing with H2O in the exhaust;
the sample is then chilled after exposure to the NO and HC analyzers to allow the H2O to
condense before the sample is delivered to the remainder of the exhaust emissions analyzers.
NO is reported in this work, NOx is made up of NO and NO2, but NO is what is being
reported.
The filter smoke number (FSN) is measured with an AVL415s smoke meter.  The
smoke meter utilizes a reflectance technique to relate the smoke’s opacity to a 0 to 10
number called the FSN. A measurement of 0 suggests no smoke while a number of 10
suggests very high smoke (which is not quantifiably defined). The FSN detection limit is
0.002 and the meter’s FSN resolution is 0.001.  Five samples are taken each measurement;
the average is calculated and reported.
EGR percentage is calculated using the volumetric dilution ratio of the CO2 of the
intake and the exhaust to compute the mass fraction of the exhaust species in the intake
manifold.  Only the main species were computed (H2O, CO2, O2, and N2). The dilution ratio
shown as Equation 4 (CO2_intake to CO2_exh) is calculated on a dry basis. The mole fraction
of water is determined using the correlation defined by Heywood [30], in order to find the
wet mole fraction of the exhaust species using Equation 2.  The intake mass and mole
fractions are computed using the dilution ratio as shown in Equation 3 and Equation 4,
respectively. Using Equation 5 the percentage of EGR can then be computed by calculating
26
each of the mass fractions of the intake species, and multiplying the sum of the mass fraction
by 100.
= ( ) Equation 2
_ = − ∗ _ Equation 3_ , = ∗ , Equation 4, = , ∗ Equation 5= ∑ , Equation 6
All data are collected through two separate data acquisition systems; one for time-
resolved (low-speed) measurements and the other for crank-angle resolved (high-speed)
measurements. Both systems use LABVIEW to communicate with all the sensors. The low-
speed system uses two Measurement Computing (model DAS6031) 16 channel data
acquisition boards. Data are taken 10x per second and 100 data points are averaged for a
measurement. The low-speed system processes measurements of torque, speed, fuel flow
rate, temperatures, non-cylinder pressures, emissions, and smoke number. The high-speed
system, which collects in-cylinder pressure and fuel injection data (beginning and end of
injection, based on injector current signal). A total of 300 combustion cycles are averaged
for one high speed measurement.  Data for the study are collected over several days.  Data of
repeated studies are averaged and the uncertainty reported according to the procedures
described by Figliola, et al. [76].
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4 HYPOTHESIS AND OBJECTIVES
As described in this study, preliminary observations are made regarding the
combustion and fuel conversion efficiency behaviors of petroleum diesel and biodiesel fuels.
These preliminary observations include:
1. It was observed that the appearance of LTHR in LTC rate of heat
release profiles increased with EGR level.  This increase was mostly
observed in petroleum diesel.
2. The combination of a higher cetane number and density of B100P is
more favorable to minimize the appearance of LTHR due to earlier
combustion phasing and limiting or slowing the premixing process.
3. The shorter ignition delay and combustion duration of B100 allows
for better torque production in LTC conditions.  Longer combustion
duration into the power stroke hinder torque production and
combustion efficiency.
4. During the LTC EGR sweep, EGR had hardly any effect on the
torque output of B100.  Torque loss for D2 and B20 were due to
longer combustion durations that were phased later in the expansion
cycle due to the late combustion phasing as EGR was added.
5. For fixed engine control conditions, maximum EGR levels were
lower for B100P than petroleum diesel due to different EGR
temperatures.
6. Emissions during LTC conditions seem dependent more on
combustion phasing then on fuel.
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The observations above have led to the hypothesis that difference in transition from
LTHR to HTHR of B100 (palm olein biodiesel, through its fuel properties) allows for
increased efficiency in LTC while still lowering soot and NOx simultaneously for late
injection LTC.
The objective of the proposed study is to investigate how the fuel properties of
biodiesel affect ignition and LTHR characteristics of LTC, and how such characteristics
influence LTC efficiency and emissions.
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5 PETROLEUM DIESEL VERSUS PALM BIODIESEL
Low temperature heat release (LTHR) or the first stage of two stage ignition is
associated with paraffin based fuels [63].  Fuels that have high cetane numbers, or are highly
saturated have more LTHR during ignition [64].  LTHR is not often observed with
conventional diesel heat release due to the fact that it is over shadowed by the rapid fuel
evaporation, and high heat transfer rates [65].  LTHR has a smaller role in the ignition of
biodiesel fuels due to the unsaturation present in the fatty acids; these particular unsaturated
fatty acids hinder the LTHR production [28, 77]. In order to assess the impact of LTHR on
LTC and how biodiesel fuel properties affect LTHR, the following sections compare the
modes of combustion (conventional and LTC) between diesel, palm biodiesel, and blends
with similar cetane numbers in order to minimize the affect ignition and combustion phasing
has on the experiments, and two biodiesels (palm and soy based) of different cetane numbers.
This will be done in order to assess the impact of the LTHR on LTC and analyze the use of
biodiesel for higher efficiency of LTC.
5.1 Fuel Comparison
For the present work LTC is defined as follows: combustion in-cylinder bulk gas
temperatures below 1800K (thermal NO and soot formation can be avoided [78, 79]), and
simultaneous reduction in NOx (90% reduction over conventional) and FSN.  Two test points
will be analyzed, conventional high temperature combustion at a commanded injection
timing of 8 degrees BTDC, and LTC at a commanded injection timing of 0 degrees (at TDC)
as seen in Table 5.  In-cylinder measurements and calculations (pressure, heat release, and
temperature) are from cylinder number one. The first cylinder was chosen because it best
represents a quarter of the fuel amount.
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Figure 6 displays the ignition delay for two test conditions for each fuel.  Ignition
delay is defined as the time between start of injection and the start of increase from minimum
heat release point (zone 1 in the LTC heat release and temperature plots of Figure 8).  The
point of increase from minimum heat release is chosen because this is when the energy
released from the fuel overcomes the energy needed to vaporize the fuel droplets.  There is a
clear difference between ignition of the two fuels.  Diesel displays a longer delay for each
injection timing than biodiesel. This happens despite the larger density and viscosity of the
palm biodiesel, as having a larger density and viscosity cause larger spray droplets and
longer evaporation times [80-83].
Figure 6: Ignition delay for both conventional and LTC (42% EGR) with
conventional and LTC timings of petroleum and palm biodiesel
 The palm biodiesel is composed of high ignition quality fatty acids as seen in Table 2. 
Palm biodiesel contains over 47% single bonded saturated fatty acids and 44% monosaturated 
fatty acids which behave similarly to alkanes in ignition behavior.  FAME ignition quality 
increases with saturation and carbon chain length; this also pertains to cetane number as the
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palm biodiesel has a cetane number of 64, 12 points higher than cetane number of diesel fuel,
as shown in Table 1. At the LTC condition (TDC and EGR valve at 90% = fully open) both
fuels have longer ignition delays caused by injection events that take place as the expansion
stroke has already commenced, and therefore being exposed to lowering temperatures. This
is purposely done to obtain a more homogenous charge inside the cylinder to avoid locally
high-temperature reaction zones and thus avoid the soot and NOx contours in Figure 3. The
longer the ignition delay created by EGR and late injection, the more time is available to
form a more homogenous mixture and avoid high concentrations of rich and lean pockets
within the cylinder. This allows for a more pronounced two stage ignition presence in LTC,
which is displayed in heat release for diesel and palm biodiesel LTC in Figure 7 and Figure
8.
Both figures display the in-cylinder bulk gas temperature and apparent rate of heat
release separated into three zones indicated by black dotted lines at inflection points of the
heat release plot, and zone numbers.  The first zone is the ignition delay (beginning of
injection until the start of positive heat release), second is the LTHR (end of ignition delay
until high temperature heat release), and the third indicates high temperature heat release.
LTHR (Zone 2) is very apparent in Figure 7; after the ignition delay the heat release starts to
rise and fall again before the second stage of ignition (i.e., high temperature heat release, or
HTHR). Indication of where the LTHR stops is indicated by the NTC region in the
temperature plot at the end of Zone 2. LTC heat release for diesel #2 displays two different
slopes after ignition has commenced, a positive heat release between 750 to 950 deg. K, and
a NTC region at the end of Zone 2 indicating LTHR. The palm biodiesel, however, displays a
different rate of heat release and temperature profile as shown in Figure 8.  Zone 2 displays a
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different slope prior to Zone 3 and has positive heat release rate between 750 to 950 deg. K.
The biodiesel heat release shows no NTC region and Zone 2 has a shorter duration compared
to diesel LTC. Finally, the rate of increase and the magnitude of the HTHR is larger for the
palm biodiesel compared to diesel.
Figure 7: Average mixture temperature and rate of heat release as functions
of crank angle for petroleum diesel low temperature combustion (Injection timing =
0° ATDC EGR level = 42%).
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Figure 8: Average mixture temperature and rate of heat release as functions
of crank angle for palm biodiesel low temperature combustion (Injection timing = 0°
ATDC EGR level = 42%).
Differences in ignition delay, due to differences in fuel composition, are believed to
cause the differences in heat release between the two fuels under LTC conditions. The
longer ignition delay for diesel LTC allows for more mixing time, which also causes
combustion to happen in a larger cylinder volume.  These two characteristics of the diesel
fuel lead to a stronger LTHR, as a more homogenous charge is formed (as in HCCI and
constant volume chambers where LTHR is often observed), and the LTHR is allowed to
flourish due to the increasing cylinder volume.  LTHR reactions will continue to occur
during combustion until the temperature no longer favors the isomerization reactions. The
isomerization reactions have a longer duration for diesel fuel, as the energy needed to
advance to hot ignition is lost to the expansion stroke. The studied palm biodiesel, with its
higher cetane number, is believed to have less mixing time causing ignition to occur during a
smaller volume. Further, the palm biodiesel has a chemical effect on LTHR as the
unsaturated fatty acids hinder LTHR reactions[70], less mixing time, and a smaller volume at
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which ignition occurs. All of which contribute to a lower LTHR zone allowing for zone
three to happen earlier in the expansion stroke, and having a more favorable conditions for
converting the chemical energy into mechanical energy.
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6 LTC COMBUSTION ANALYSIS*
6.1 LTHR during LTC
The results section proceeds in the following manner: first, an argument is made that
the existence of LTHR, and its timing during heat release, are independent of the fuels being
studied. Second, the role of LTHR in conventional and LTC heat release is discussed in the 
context of engine torque and emissions. Third and finally, comparisons are made between
petroleum diesel and palm biodiesel as LTC is obtained with increasing EGR to provide 
explanation to the performance and emission behaviors that are observed.
Figure 7, Figure 8, and Figure 9 show the average mixture temperature (i.e., in-
cylinder bulk gas temperature as calculated using ideal gas equation) and rate of heat release 
for LTC of petroleum diesel, palm biodiesel, and soy biodiesel, respectively. It is first noted, 
before describing LTHR behavior of the fuels, that all three fuels exhibit mostly premixed 
burning in spite of their relative cetane numbers; this results from the high level of EGR and 
late injection timing that causes in-cylinder conditions to be such that ignition delay is 
prolonged, thus rendering mostly premixed burning. All three figures have three zones 
identified within them.  Zone 1 is crank angle duration that corresponds to the ignition delay 
as defined as the crank angle location of start of injection to the crank angle location of 
inflection in the heat release curve when the energy released from combustion overcomes the 
energy needed to vaporize the fuel (i.e., minimum in rate of heat release).  Zone 2 is the crank 
angle duration believed to capture the first stage of ignition (LTHR); this occurs between the 
end of the ignition delay period and start of high temperature heat release (or hot ignition).
_____________________
* Reprinted with permission from "Low Temperature Heat Release of Palm and
Soy Biodiesel in Late Injection Low Temperature Combution" by Tompkins, B., Song,
H., and Jacobs, T., 2014, SAE Int. J. Fuels Lubr. 7 (1), 106-115, April 2014. Copyright 2014 SAE International. 
The paper is included in this dissertation with permission from SAE International. Further use, copying, 
downloading or distribution is not permitted without prior permission from SAE.
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 Zone 3 is the crank angle duration believed to capture start of high temperature heat 
release. Zone 2 is the primary focus of this study and is believed to have influence on LTC 
combustion and emissions. The temperature at which Zone 2 takes place is within the 
referenced temperature range (600-900K) of LTHR, and it lies between the defined end of 
ignition delay and high temperature heat release. Notice that there is no significant increase 
in temperature until the end of Zone 2.  This might be from continued fuel vaporization aided 
by the LTHR reactions [84].  The increase in temperature starts as LTHR ends (the rise in 
temperature no longer favors the isomerization, and hot ignition begins) and high 
temperature heat release takes over.  NTC is absent from both biofuels, but is observed in 
Figure 7 near the end of Zone 2, as heat release starts to decrease before the temperature rate 
decreases. All three fuels exhibit LTHR, but visibility of magnitude and duration in the rates 
of heat release profiles differ.  Analysis of fuel properties that affect charge mixing will be 
analyzed to explain the differences in Zone 2 among the three fuels. For comparison, Figure 
10, Figure 11, and Figure 12 show the conventional and LTC rates of heat release for the 
three fuels, respectively.
Petroleum diesel and soy biodiesel demonstrate similar rates of heat release for
conventional combustion; that is, mostly premixed combustion. Likewise, the phasing of
their LTC rates of heat release are similar, with some differences in the magnitude of first
stage ignition (Zone 2).  Rate of heat release for palm biodiesel with conventional
combustion differs in that there is a small amount of premixed heat release followed by a
larger diffusion heat release portion.
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Figure 9: Average mixture temperature and rate of heat release as functions
of crank angle for soy biodiesel low temperature combustion (Injection timing = 0°
ATDC EGR level = 42%).
 Rate of heat release for palm biodiesel LTC is phased earlier than either petroleum 
diesel or soy biodiesel and shows minimal first stage ignition (as seen in Figure 8, Zone 2).  
With respect to Zone 2, petroleum diesel shows the highest magnitude and duration, 
followed by soy biodiesel, and then palm biodiesel.
Figure 10: Conventional (-8° ATDC injection timing, 0% EGR) and LTC (0°
ATDC injection timing and 42% EGR) rates of heat release for petroleum diesel as
functions of crank angle.
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Figure 11: Conventional (-8° ATDC injection timing, 0% EGR) and LTC (0°
ATDC injection timing and 42% EGR) rates of heat release for palm biodiesel as
functions of crank angle.
The differences in rates of heat release between palm biodiesel and the other two
fuels result mainly from the difference in cetane numbers; as shown in Table 1, palm
biodiesel’s cetane number is higher than both petroleum diesel and soy biodiesel (the latter
two of which have similar cetane numbers). Palm biodiesel has a higher cetane number
because of its highly saturated fatty acid content, as shown in Table 2.  The high cetane
number of palm biodiesel is indicative of its short ignition delay, which results in relatively
low fraction of premixed heat release and high fraction of diffusion heat release at
conventional injection timing. This feature, however, aids an advanced phasing of low
temperature combustion at the late injection timing, further contributing to the shorter
duration and smaller observed magnitude of palm biodiesel’s LTHR.
In spite of the differences in rates of heat release between palm biodiesel and the
other two fuels at LTC conditions, the brake specific NO (BSNO) and FSN are similar and
qualitatively within the range of “LTC emissions”. This is shown in Figure 13 for BSNO and
Figure 14 for FSN.  One interesting feature to note in Figure 14 is the higher FSN values for
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palm biodiesel relative to petroleum diesel; it is expected that biodiesel FSN be lower than
petroleum diesel FSN. This discrepancy is linked to both palm biodiesel’s high cetane
number and the low load condition under study. Palm biodiesel’s short ignition delay with
conventional combustion results in high fraction of diffusion heat release even at low load
condition, presumably resulting in less premixed combustion and high local burning
temperatures (thus causing higher net soot release). Likewise, its short ignition delay results
in advanced combustion phasing with LTC, presumably resulting in higher reaction
temperatures relative to petroleum diesel and soy biodiesel; the higher reaction temperatures
cause higher soot formation rates and thus higher net soot release, although the differences
are very small.
Figure 12: Conventional (-8° ATDC injection timing, 0% EGR) and LTC (0° ATDC
injection timing and 42% EGR) rates of heat release for soy biodiesel as functions of
crank angle.
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Figure 13: Brake specific nitric oxide (BSNO) emission for conventional (0%
EGR and -8°ATDC injection timing) and low temperature combustion (42% EGR
and 0°ATDC injection timing).
Figure 14: Filter smoke number (FSN) for conventional (0% EGR and -
8°ATDC injection timing) and low temperature combustion (42% EGR and
0°ATDC injection timing).
The study of LTC rates of heat release is important since it guides the improvement in
efficiency and torque. For a given energy delivery rate (which is held constant among all
fuels and combustion modes in this study), the loss in efficiency necessarily means a loss of
torque. The loss of torque is a main concern of LTC; Figure 15 shows the change in torque as
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combustion mode transitions from conventional to LTC for the three studied fuels. Notice
that torque decreases for the studied petroleum diesel and soy biodiesel LTC conditions,
whereas it increases for the studied palm biodiesel LTC condition.
Figure 15: Torque for conventional (0% EGR and -8°ATDC injection
timing) and low temperature combustion (42% EGR and 0°ATDC injection timing).
6.2 EGR Valve Sweep at LTC Injection Timing
To isolate the reason(s) for the behavior of Figure 15, Figure 16 and Figure 17 show
rates of heat release as EGR level increases at 0°ATDC injection timing for petroleum diesel
and palm biodiesel, respectively. Notice as EGR level increases, petroleum diesel rates of
heat release retard and decrease in magnitude; the same behavior is not observed with palm
biodiesel where rates of heat release appear relatively unchanged. Consequently, torque (or
efficiency) increases as EGR level increases with the studied palm biodiesel LTC.
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Figure 16: Rate of heat release as function of crank angle for various EGR
levels of petroleum diesel LTC (0°ATDC injection timing).
Another interesting issue, related to the loss of torque at LTC for petroleum diesel, is
the variation among cylinders for petroleum LTC relative to palm biodiesel LTC, a slight
advantage for palm biodiesel with less pumping work. This can explained in Figure 18,
Figure 19, and Figure 20 as they display the individual cylinder heat release for palm and
petroleum LTC combustion and the PV curves for both conventional and LTC and palm
biodiesel, respectively. In three of the four cylinders, combustion is severely retarded for
petroleum diesel LTC; all four cylinders are similarly phased with palm biodiesel LTC. As a
brief aside, such differences in heat release among the cylinders can cause torque instability.
Interestingly, other factors such as emissions and overall torque (torque drops at the LTC
point, but the same amount of fuel or energy was added to the engine regardless of the fuel)
are not substantially improved by improving cylinder to cylinder combustion phase [85].
This inconsistencies stem from the current configuration of the engine’s EGR distribution,
and the amount of fuel that is placed in each cylinder.
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A previous study on LTC cylinder-to-cylinder variations showed that the air-fuel 
ratio could vary based upon the calculated EGR and measured fuel distribution per 
cylinder[85]. This affects the phasing of the heat release, because the cylinder with the 
highest has a higher amount of the distributed fuel, thus giving it a better equivalence ratio 
and an earlier phase HTHR. The phasing palm biodiesel LTC also aide in reducing cycle-to-
cycle variation as well, this is displayed in Figure 21. From the perspective of LTHR, it is 
interesting to note that the timing, magnitude, and duration of LTHR are the same in three of 
the four cylinders (of petroleum diesel), as cylinder three has a shorter LTHR and the highest 
high temperature heat release.
Figure 17: Rate of heat release as function of crank angle for various EGR
levels of palm biodiesel LTC (0°ATDC injection timing).
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Figure 18: Rate of heat release as function of crank angle for each cylinder of
petroleum diesel LTC (0°ATDC injection timing).
Regardless the LTHR behavior, the result of the delayed high temperature heat
release causes a general decrease in torque, as shown in Figure 22, for petroleum diesel.
Torque for the palm biodiesel actually increases, as expected from the shorter combustion
duration, but unchanging combustion timing as described above, and decreasing pumping
work [86]. This is seen in Figure 19, which shows that the pumping work is reduced during
LTC combustion. This takes place because the back pressure in the exhaust manifold is
minimized with the opening of the EGR valve.
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Figure 19: PV diagram of conventional combustion (8°BTDC and 0% EGR) vs LTC
(0°BTDC and 42% EGR).
Further, the palm biodiesel, presumably due to its highly saturated and high carbon-
number nature (small ignition delay and earlier combustion phasing), has a less distinguished 
transition from LTHR to high temperature heat release.  The petroleum diesel LTC, however, 
is more sensitive to the delay caused by EGR, causing a separation between LTHR and high 
temperature heat release. This separation causes petroleum diesel LTC to be phased later, and 
less efficiently, in the cycle.  Thus the later phasing enhances the factors (premixing and 
lower temperatures due to cylinder expansion) that reveal LTHR but the reactions that take 
place in LTHR do not increase temperature for hot ignition as the expansion by the piston 
cools the mixture. Figure 23 displays the ignition delay for both fuels; after EGR level 
reaches 30% there is no statistical difference in ignition delay of either fuel as EGR level 
increases. This is likely the result of the increased charge temperature in Figure 24, as charge 
dilution increases with EGR level. The relevance, however, reveals the stronger effect that 
EGR has on high temperature heat release of petroleum diesel than on the studied palm 
biodiesel, due to the lower ignition quality. Once ignition has started the heat release is
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further into the expansion stroke causing higher cylinder to cylinder variations as seen in
Figure 18.
Figure 20: Rate of heat release as function of crank angle for each cylinder of
palm biodiesel LTC (0°ATDC injection timing).
Figure 21: Cylinder number one pressure traces from both testing days for
conventional diesel and palm biodiesel LTC (0°ATDC injection timing and 42%
EGR).
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Figure 22: Torque as function of EGR level for petroleum diesel and palm
biodiesel (0°ATDC injection timing for both fuels).
The effect of EGR on regulated emissions such as nitric oxide (BSNO), hydrocarbon
(BSHC), and carbon monoxide (BSCO) and indicators of soot such as FSN are also
investigated. Figure 25 through Figure 28 show BSNO, FSN, BSHC, and BSCO for both
fuels as EGR level increases at the late injection timing.  As shown in Figure 25, BSNO for
the petroleum diesel LTC (maximum EGR level) decreases to around 0.5 g/kW-h. The palm
biodiesel, however, decreases to just above 1 g/kW-h. This is expected, given the common
“biodiesel NOx penalty” that has been studied extensively for conventional diesel
combustion [60, 78].
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Figure 23: Ignition delay as function of EGR level for petroleum diesel and
palm biodiesel (0°ATDC injection timing for both fuels).
Figure 24: Charge air temperature differences as a result of combustion mode (8°
ATDC-conventional vs 0° plus EGR-LTC)
In addition to factors that may cause the palm biodiesel to have higher NO emissions
regardless of combustion mode (e.g., closer-to-stoichiometric diffusion heat release) [78], an
additional component is introduced in this study of LTC. Specifically, the favorable
combustion phasing for efficiency and torque presumably cause higher reaction temperatures
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that contribute to palm biodiesel’s higher BSNO at LTC conditions. FSN, however, offers an
interesting trend in that it increases with palm biodiesel LTC, and palm biodiesel’s FSN
values are higher than those of petroleum diesel’s FSN values at all EGR levels. There are
three points of discussion related to these observations. First, although the FSN measurement
is likely accurate, in that there is little solid fixed carbon (black carbon soot) in the exhaust, it
is not accurate to suggest it is indicative of low particulate matter (the quantity that is
ultimately regulated). Particulate matter, composed of solid and liquid fixed and mobile
fractions of carbon, may increase with extreme conditions of LTC in spite of low FSN values
[20]. Thus, the lower FSN values of Figure 26 should not be interpreted to suggest petroleum
diesel LTC has lower particulate matter than biodiesel LTC.
Figure 25: Brake specific nitric oxide (BSNO) emission as function of EGR
level for petroleum diesel and palm biodiesel (0°ATDC injection timing for both
fuels).
EGR (%)
B
SN
O
(g
/k
W
h)
0 10 20 30 40 50
0
2
4
6
8
10
12
14
D2
B100P
50
Figure 26: Filter smoke number (FSN) as function of EGR level for
petroleum diesel and palm biodiesel (0°ATDC injection timing for both fuels).
Second, the poorly phased LTC in 3 of the 4 cylinders of the engine with petroleum
diesel suggest very low reaction temperatures (conditions that are favorable to LTHR), and
thus generally low soot formation rates. Third, the relatively earlier phased combustion of
palm biodiesel, having a smaller LTHR, presumably results in higher reaction temperatures,
and thus higher soot formation rates. Reasons #2 and #3 help explain the much higher HC
and CO emissions of petroleum diesel relative to the palm biodiesel, as more fuel is utilized
in earlier phased combustion.
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Figure 27: Brake specific hydrocarbon (BSHC) emission as function of EGR
level for petroleum diesel and palm biodiesel (0°ATDC injection timing for both
fuels).
Figure 28: Brake specific carbon monoxide (BSCO) emission as function of
EGR level for petroleum diesel and palm biodiesel (0°ATDC injection timing for
both fuels).
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7 BIODIESEL BLENDS
Palm biodiesel gives contrast in both conventional combustion and LTC, LTC with
palm biodiesel has less visible LTHR, produces more torque, and has improved CO and HC
emissions. Now, a biodiesel with similar cetane number to petroleum diesel is studied to
further evaluate how fuel property differences may affect the appearance of LTHR. Further,
this enables the study of fuel property differences (i.e., density and viscosity) without the
discrepancies introduced by combustion phasing differences. In order to evaluate the
influence of density and viscosity on LTHR four fuels are studied: 1) petroleum diesel, 2)
100% soy biodiesel, 3) 20% soy biodiesel (B20) blended with petroleum diesel, and 4) 50%
soy biodiesel (B50) blended with petroleum diesel. The four fuels were tested to eliminate
the large discrepancy in cetane number from palm biodiesel compared to petroleum diesel
(Table 1) but still have varied density and viscosity among the fuels.  The test fuel condition
minimizes differences in combustion phasing and gives all four fuels similar ignition delays,
therefore having the LTHR happen in approximately the same place in the combustion cycle.
Figure 29 displays the heat release profile along with in-cylinder bulk temperatures
for LTC of D2 and B20.  The LTHR duration is approximately 10 crank angle degrees, and
the presence of the NTC right before the transition to HTHR just after 15 crank angle degrees
after top dead center.  The LTHR of B20 shows very small differences, if any, from that of
D2. As shown in Figure 30 differences in the LTHR are manifested once the biodiesel
concentration reaches 50% of the fuel blends.  The LTHR durations of B50 and B100S are
similar to D2 and B20, but the transition to their HTHR shows a small portion of NTC if any
all in.
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Figure 29: Petroleum diesel and B20 LTHR for LTC timing of top dead
center
The LTHR differences stem from the amount of soy biodiesel present in the fuel
blends, demonstrated in Figure 30.  Once the biodiesel percentage reaches 50%, the LTHR
appearance is less pronounced and “blends” into the HTHR transition.
Figure 30: B50 and B100 LTHR for LTC timing of top dead center
 This could be attributed to the higher density and viscosity of B50 and B100S, which 
would limit the amount of fuel available for LTHR in the fuel rich portion of diesel 
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models [32, 33], right after the jet of liquid fuel. Since the
 fuels, density, viscosity, and oxygen appear to affect the
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t size that is demonstrated in Figure 31, taken from [87]. The
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le the increases in density causes longer spray penetration
combustion, as visualized in spray combusti ionon models [32, 33], right after the jet of liquid 
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in Figure 31, taken ffrrom [87]. The increases in vi cosity causes l larger fuel droplet sizes, 
and narrow spray conee a angels seen i  Figure 31, taken from [88], whi, while th  increases 
in density causes longer spraayy penetration [81, 83, 88-90].
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Figure 32: Liquid spray penetration length of petroleum and soy biodiesel with no
oxygen and with 15% oxygen constant volume chambers [88].
 Larger droplet sizes and smaller spray angles cause less entrained air and thus less 
evaporation due to lower heat transfer from the air, and could affect the equivalence ratio of 
the fuel/air mixture in the  combustion region [65].  Since LTHR activity is dependent on the 
equivalence ratio of the mixture [65],  fuels with  higher viscosity and density may have 
lower LTHR. Fuel oxygen content is another fuel property that has a direct influence on 
local equivalence ratios. The oxygen content in both biodiesels are around 11% as shown in 
Table 1.  Fuel bound oxygen in biodiesel could create leaner equivalence ratios, which is an 
unfavorable environment for LTHR. Although oxygen is needed for the isomerazations to 
take place, experimental studies have shown that LTHR gets stronger as mixture 
environments are richer [25, 28, 91]. Fuel bound oxygen in biodiesel has combustion closer 
to stoichiometric conditions, resulting in higher adiabatic flame temperatures [78]; the higher 
temperatures perhaps diminish the duration of LTHR [25, 65, 92]. This would explain the 
LTHR in the case for Figure 30 as both fuels contains more oxygen and higher density and 
viscosity values than D2 and the B20.
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Figure 33 displays the torque for all four fuel cases for both the conventional and
LTC modes.  The petroleum and soy blends do not show any statistical differences in torque
during LTC due to the similar HTHR characteristics. The only difference in torque is
observed in the LTC mode for palm biodiesel. This difference can be explained by
combustion phasing and the magnitude of HTHR as seen in Figure 34.
Again despite the differences in LTHR profile, there is little difference in LTHR
duration between D2, soy biodiesel, and the fuel blends.  While there is a difference in
duration between the palm biodiesel and B50, and B100S (base soy biodiesel blends), the
shape of the LTHR is the same.  This difference may be attributed to the change in duration
due to combustion phasing caused by the cetane number. Table 1 shows the differences in the
cetane number. It means that an earlier phasing has a shorter LTHR duration and greater
HTHR magnitude.  In other words, the shorter ignition delay leads to a shorter available time
for premixing; more mixing (longer ignition delay) means a longer LTHR duration.
Figure 33: Torque as a function of combustion mode (Conventional and
LTC)
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Figure 34: LTC rate of heat release as a function of crank angle for all four
fuels.
The ignition delay is displayed in Figure 35.  The only major difference stems from
the higher cetane number of the palm biodiesel at both injection timings.  Conventional
combustion mode does not show any difference between petroleum diesel, soy biodiesel and
the blends.
However, there are differences at the LTC mode.  Despite having similar cetane
values, there are statistical differences between the all four fuels. An increase in soy biodiesel
content causes ignition to be delayed.  This supports the discussion describing the shape of
the LTHR for D2, B100S, B20 and B50 as shown in Figure 29 and in Figure 30. The more
biodiesel content in the fuel mixture, the more time is needed for atomization and
evaporation of the fuel spray.  The influence of viscosity and density are increased due to the
late timing and added EGR to produce LTC.
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Figure 35: Ignition delay as a function of combustion mode (Conventional
and LTC)
The NO and FSN emissions shown in Figure 36 and Figure 37 display the same trend
of simultaneous reduction of NO and FSN. Differences in NO and FSN for the palm based
biodiesel have already been explained in earlier sections. The soy biodiesel and biodiesel
blends follow the expected trend of biodiesel NO. Petroleum diesel, the soy biodiesel, and
the blends have nearly the same combustion phasing. However, the "Biodiesel NOx penalty"
is displayed during conventional combustion compared to the palm biodiesel, and the FSN
values display expected results with the soy blends and the neat soy biodiesel having lower
FSN values.  The addition of EGR and later timing lowers all NO and FSN emissions to
almost the same level for all fuels with the exception of the neat palm and soy biodiesel, with
the palm having the highest FSN and the soy displaying the lowest.  The soy based biodiesel
FSN is very close to the resolution and detection limits of the AVL 415s measurement
device.  However, it is an indication that less carbon black portion is being emitted in the
exhaust due to the lower combustion temperatures.
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Figure 36: Nitric oxide emissions as a function of combustion mode
(conventional and LTC)
Figure 37: FSN as a function of injection timing
7.1 Palm Biodiesel Differences
The combustion of the palm biodiesel is affected by cetane number, density, and
viscosity. Torque is benefited from the short ignition delay at the LTC point, while NO and
FSN are still simultaneously low.  Palm biodiesel however displays much higher FSN values
than the soy biodiesel, biodiesel blends, and petroleum diesel.  The hypothesis being that
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palm biodiesel has less premixed burn portion of the combustion spray model [33], due to the
shorter lift off length or no lift off length [33], and a larger portion of combustion occurring
from the second stage ignition portion of the model which is composed of rich combustion.
Due to the shorter ignition delay there is less flammable fuel mixture for premixed
combustion.  In addition, the smaller spray cone angles and longer liquid lengths might be
caused by the density and viscosity as explained above.
The addition of EGR in LTC has the combustion spray creating less of a diffusion
flame front and creating a larger intermediate ignition zone as seen in Figure 2, and there is
less oxidation of CO and HC because of the smaller second stage of ignition [33].  This is
shown in the CO and HC figures (Figure 27 and Figure 28) for the EGR sweep as both start
to increase along with FSN, while NO decreases, indicating that the "Soot NOx" Tradeoff
has yet to be defeated. Although the FSN display a low value the values continue to rise as
NO drops during the EGR sweep. The rise in CO, HC, and FSN indicates a diminished
concentration of charge oxygen and poor mixing. EGR has minimal effects on combustion
phasing, meaning that there was little influence on when HTHR commences inside the
cylinder for palm biodiesel as compared to petroleum diesel as seen in Figure 16 and Figure
17. During the EGR sweep the EGR valve position was the only variable to change, and
there was a far greater change in HTHR position for petroleum diesel than palm biodiesel.
One of the main differences stem from the appearances of less LTHR for palm biodiesel and
an increasing LTHR for petroleum diesel delaying the HTHR.
7.2 Cetane Number
The cetane number is the measure of the ignition quality of a fuel; increasing cetane
number corresponds to decreasing ignition delay. The test procedure is defined by ASTM
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Method D613, it uses two reference fuels: n-hexadecane (CN = 100) and an isocetane
heptamethylnonane (HMN ,CN = 15). Equation 7 is used to determine the CN of the
reference blends used in the test[93].
CN = percent n-hexadecane + 0.15 * HMN Equation 7
The fuel along with the two reference fuels are tested in a single cylinder variable
compression ratio engine.  Operating conditions such as engine speed (900rpm), air
temperature (65.6 degC), coolant temperature (100 degC), injection timing (13 BTDC), and
injection pressure (10.3 MPa) are held constant for all test[93]. The objective of the test is to
produce an ignition delay of 13 degrees by varying compression ratio of the test of the fuel of
which the CN is to be determined[93].  This test is then repeated with blends of two reference
fuels until the until the compression ratio of the fuel with the unknown CN is bracketed by
the compression ratio of the reference fuel blends by less than 5 CN[93]. Saturated fuels (n-
paraffin) and fuels that have long carbon chains with single bonds (like palm based
biodiesels) have high cetane numbers; LTHR magnitude and duration often trend with cetane
number (as cetane number goes up, so does the magnitude of the LTHR appearance) [28, 94].
Research often dictates that LTHR is more prevalent in fuels that have high cetane numbers
[95]; that may not seem to be the case here, but such is only an artifact of the experiment.
Study of LTHR mostly occurs in premixed environments.  In an engine study, there is less
time for the air and fuel to completely mix before ignition.  Based on the studied heat release
profiles it is noted that the diesel and soy biodiesel are more premixed than the palm
biodiesel before ignition.  The highly saturated fatty acid content of the palm biodiesel causes
a short ignition delay, and consequently a low fraction of premixed heat release.  A shorter
ignition delay also phases combustion to a smaller volume at higher temperatures, since
62
injection timing is phased at TDC.  LTHR is minimized or shortened closer to TDC due to
the higher temperatures [28].  LTHR is highly dependent on temperature, and the reactions
that cause LTHR continue to occur until the higher temperatures favor high temperature heat
release.  The temperature dependency of LTHR also may explain why LTHR is easily
observed in diesel and soy biodiesel LTC rates of heat release; the increase in EGR with
these two fuels phases combustion further into the expansion stroke.  This phase delay causes
mixture temperature to remain within the range favorable for LTHR.   The shorter ignition
delay also minimizes the amount of premixed charge that has reached the flammability
limits.  Therefore not only does the palm biodiesel have a smaller amount of premixed
charge, but less fuel available for premixed combustion due to  the shorter ignition delay and
its higher density.
7.3 Density and Viscosity
Density of biofuels such as biodiesel and the oil feed stock have challenged early
diesel mechanical injection systems, but in the case of LTC the higher density along with a
high cetane number may lower the intensity of the LTHR by influencing the amount of fuel
available to take part in LTHR. Figure 38 and Figure 39, taken from [96] (where the none
filled symbols are diesel and the filled are biodiesel, with three different size orifice
diameters (which are depicted by the different shapes and line colors)), show how the fuel
properties of density and viscosity affect the spray pattern of various fuels near and far from
the injector. As seen in Figure 38 and Figure 39, the results agree with others [81, 89, 96] on
spray patterns of biodiesel fuels having a smaller spray angle producing less mixing or
entrained air.  This in turn affects the way the air is entrained, and thus the mixing of the fuel
air charge.
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Figure 38: Spray angle differences between biodiesel and petroluem diesel sprays
near the injector in a coflow combuster [96].
Figure 39: Spray angle differences between biodiesel and petroluem diesel sprays
downstream of the injector in a coflow combuster.[96]
 Density also affects the size of the atomized fuel droplets.  In order for ignition to 
take place the fuel has to atomize, evaporate, and mix with air inside the cylinder.  The larger 
density of the biodiesel fuels causes larger fuel droplets, which take longer to vaporize 
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leaving less fuel available with the in-cylinder air for LTHR reactions to take place [97]. 
This is seen in Figure 40, taken from [82] as the simulated soy biodiesel droplets last 
longer in during in-cylinder conditions at 860 bar rail pressure.
Figure 40:Simulated results of biodiesel and diesel droplets in a 1.9L diesel engine at
1000K and 40bar [82].
 This is noted in Zone 2 of Figure 7, Figure 8, and Figure 9 each first three figures as 
LTHR intensity drops between the diesel and soy biodiesel (both fuels have similar cetane 
number values but different densities, viscosities. and oxygen concentrations) as the absence 
of the NTC area is noted in Zone 2 for the soy biodiesel. In the case with the palm 
biodiesel, the LTHR is the shortest and, similar in appearance to soy biodiesel, has no NTC 
displayed during the LTHR.
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8 SUMMARY/CONCLUSION
The objective of this study was to investigate how the fuel properties of biodiesel
affect ignition and LTHR characteristics of LTC, and how such characteristics influence LTC
efficiency and emissions. These objectives emerged from the need to understand why the
palm based biodiesel produces better or equal performance and emission during LTC.
Three experiments were carried out to satisfy the objectives.  The first experiment
was a combustion mode comparison involving diesel #2 soy biodiesel, and palm biodiesel,
with the purpose to show / explore the characteristics of each fuel during both conventional
and LTC modes of combustion. The second experiment varied EGR level at a constant
injection timing (TDC) with diesel #2 and palm biodiesel, with the purpose to show how the
fuels behave when they approach LTC operating regimes.  Finally, the third experiment was
a comparison among petroleum diesel, soy biodiesel and diesel - soy biodiesel blends with
the purpose to explore the differences in fuel properties of conventional diesel and biodiesel.
LTHR exists during LTC for all fuels: all rates heat release among the studied fuels under
LTC conditions display two stage heat release. The first stage occurs with bulk cylinder
temperature between 760 to 880 K, and the NTC which signals the end of LTHR was present
in the heat release of petroleum diesel and B20.  Differences in the LTHR profile stems from
fuel properties such as fuel saturation (cetane number), oxygen content, density, and
viscosity.  These fuel properties affect the length and shape of the LTHR profile by affecting
fuel-air mixture during injection and ignition.
It was observed that the appearance of LTHR in rate of heat release profiles increases
with EGR level. This increase was mostly observed with petroleum diesel. Additionally, the
combination of a higher cetane number and density of palm biodiesel is more favorable to
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minimize LTHR by early combustion phasing, and limiting or slowing the premixing
process. Finally, a torque increase can be realized with consistent combustion in all cylinders
during LTC.
8.1 Specific Contributions of this Work
EGR has greater effect on lower cetane number fuels during late injection LTC than
the high cetane number palm biodiesel.  This is due to the increased premixing of the charge
associated with the lower-cetane number fuel, causing lower in-cylinder temperatures as the
process becomes phased later in the expansion stroke.
Simultaneous reduction in NO and FSN only appear to be achieved by the studied
petroleum diesel and soy biodiesel. The palm biodiesel exhibits higher FSN as EGR levels
increase, presumably due to higher reaction temperatures manifested by short combustion
durations at favorable combusting timings. This could be in part due to the low LTHR and
earlier HTHR phasing of combustion for palm biodiesel in all four cylinders. The petroleum
and soy biodiesel only has one cylinder displaying similarly phased HTHR as the palm
biodiesel; the other three cylinders show severely retarded HTHR. Consequently, this may
give the appearance of simultaneous reduction in NO and FSN with petroleum diesel and soy
biodiesel only because the other three cylinders displayed much later HTHR. It is noted, as a
caveat, that this observation does not imply there is not a simultaneous reduction in NO and
PM, the latter which is not directly measured in this study (only FSN is measured and
reported).
8.2 Relevance of this Work
Although the FSN goes up with the palm biodiesel LTC it is still lower than the
conventional diesel combustion; torque is comparable to that of conventional combustion of
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diesel, while still producing lower NO.  LTC would be advantageous to have implemented at
low loads points of the certification cycles of gensets and variable speed none road engines
where the NO and PM portions are heavily weighted.  Depending upon the type of engine
(constant speed genset or variable speed none road engine) the low load cycle points count
up to 40% of the total certification testing. This would be a large advantage for NO since the
low load point in certification testing often have higher amounts of NO due to large amounts
of premixed combustion.
68
REFERENCES
[1] tv.com, 2008, "Locomotives," http://www.tv.com/modern-
marvels/locomotives/episode/1191670/summary.html.
[2] Wood, C., 2010, "Geneva 2010: Mercedes E300 BlueTEC Hybrid to be Europe’s First
Diesel Hybrid," http://www.autoguide.com/auto-news/2010/03/geneva-2010-mercedes-
e300-bluetec-hybrid-to-be-europes-first-diesel-hybrid.html.
[3] HybridCars, 2011, "A Guide to Diesel & Clean Diesel Cars,"
http://www.hybridcars.com/diesel-efficient-cars.
[4] USA, 2010, "2010 Diesel Vehicles,"
http://www.fueleconomy.gov/feg/compx2008f.jsp?hiddenField=Fuel&atvtype=diesel&yea
r=2010.
[5] Collura, S., Chaoui, N., Azambre, B., Finqueneisel, G., Heintz, O., Krzton, A., Koch, A.,
and Weber, J., 2005, "Influence of the soluble organic fraction on the thermal behaviour,
texture and surface chemistry of diesel exhaust soot," Carbon, 43(3), pp. 605-613.
[6] CumminsEngines, 2012, "Better Every Ram,"
http://cumminsengines.com/sites/every/applications/dodge_ram/ram_ctd_mileage_club_faq
.page.
[7] Rowe, M. D., Novak, K. M., and Moskowitz, P. D., 1983, "Health effects of oxidants,"
Environment international, 9(6), pp. 515-528.
[8] Lioy, P. J., Spektor, D., Thurston, G., Citak, K., Lippmann, M., Bock, N., Speizer, F. E.,
and Hayes, C., 1987, "The design considerations for ozone and acid aerosol exposure and
health investigations: The fairview lake summer camp--Photochemical smog case study,"
Environment international, 13(3), pp. 271-283.
[9] EPA, 2007, "Effects of Acid Rain," http://www.epa.gov/acidrain/effects/index.html.
[10] EPA, 2012, "Federal Emissions Standards,"
http://www.epa.gov/otaq/standards/allstandards.htm.
[11] EPA, 2004, "Final Regulatory Analysis: Control of Emissions from Nonroad Diesel
Engines,"Washington D.C.
[12] Deere, J., 2012, "Off-Highway Diesel Engines,"
http://www.deere.com/wps/dcom/en_US/services_and_support/emissions_information/tier
_4_technologies/interim_tier_4/interim_tier4.page?
[13] Cummins Engines, I., 2012, "Eco Fit Urea Dosing System,"
http://cumminsemissionsolutions.com/CES/CESContent//SiteContent/en/Binary_Asset/PD
F/EcoFit_Urea_Dosing_System_Spec_Sheet_FINAL.pdf.
69
[14] MTU-Online, 2011, "Selective Catalytic Reduction: Exhaust aftertreatment for reducing
nitrogen oxide emissions," www.mtu-online.com.
[15] MTU-Online, 2011, "Diesel Particulate Filter: Exhaust aftertreatment for the reduction
of soot emissions," www.mtu-online.com.
[16] Jacobs, T. J., Bohac, S. V., Assanis, D., and Szymkowicz, P. G., 2005, "Lean and rich
premixed compression ignition combustion in a light-duty diesel engine," SAE
Transactions - Journal of Engines, 114(2005-01-0166), pp. 382 - 393.
[17] Okude, K., Mori, K., Shiino, S., and Moriya, T., 2004, "Premixed compression ignition
(PCI) combustion for simultaneous reduction of NOx and soot in diesel engine," SAE
transactions, 113(4), pp. 1002-1013.
[18] Bobba, M. K., and Musculus, M. P. B., 2012, "Laser diagnostics of soot precursors in a
heavy-duty diesel engine at low-temperature combustion conditions," Combustion and
Flame, 159, pp. 823-843.
[19] Dodd, A., and Holubecki, Z., 1965, The Measurement of Diesel Exhaust Smoke, Motor
Industry Research Association, MIRA Report No. 1965/10.
[20] Tompkins, B. T., Song, H., Jacobs, T., "Particulate Matter Emissions from Late
Injection High EGR Low Temperature Diesel Combustion," Proc. ASME 2011 Internal
Combustion Engine Division Fall Technical Conference, ASME Paper No. ICEF2011-
60067.
[21] Kolodziej, C., Wirojsakunchai, E., Foster, D. E., Schmidt, N., Kamimoto, T., Kawai, T.,
Akard, M., and Yoshimura, T., 2007, "Comprehensive characterization of particulate
emissions from advanced diesel combustion," SAE Paper, pp. 01-1945.
[22] Sluder, C. S., Wagner, R. M., Lewis, S. A., and Storey, J. M. E., 2004, "Exhaust
chemistry of low-NOx, low-PM diesel combustion," SAE transactions, 113(4), pp. 189-
196.
[23] Asad, U., and Zheng, M., 2010, "Efficiency & stability improvements of diesel low
temperature combustion through tightened intake oxygen control," SAE International
Journal of Engines, 3(1), p. 788.
[24] Li, T., Suzuki, M., and Ogawa, H., 2009, "Characteristics of Smokeless Low
Temperature Diesel Combustion in Various Fuel-Air Mixing and Expansion of Operating
Load Range," SAE Technical Paper, Paper No. 2009-01-1449.
[25] Cong, S., McTaggart-Cowan, G., Garner, C., Wahab, E., and Peckham, M., 2011,
"Experimental Investigation of Low Temperature Diesel Combustion Processes,"
Combustion Science and Technology, 183(12), pp. 1376-1400.
70
[26] Musculus, M. P. B., Lachaux, T., Pickett, L. M., and Idicheria, C. A., 2007, "End-of-
injection over-mixing and unburned hydrocarbon emissions in low-temperature-
combustion diesel engines," SAE Technical Paper, Pa No. 2007-01-0907.
[27] Zheng, M., Mulenga, C., Han, X., Tan, Y., Kobler, M., Ko, S. J., Wang, M., and Tjong,
J., 2008, "Low temperature combustion of neat biodiesel fuel on a common-rail diesel
engine," 2008 World Congress, SAE Paper NO. 2008-01-1396, Detroit, MI.
[28] Szybist, J. P., Boehman, A. L., Haworth, D. C., and Koga, H., 2007, "Premixed ignition
behavior of alternative diesel fuel-relevant compounds in a motored engine experiment,"
Combustion and Flame, 149(1-2), pp. 112 - 128.
[29] BAFF, 2009, "Why renewable fuel?,"
http://www.baff.info/english/background_cycle.cfm.
[30] Heywood, J. B., 1988, Internal Combustion Engine Fundamentals, McGraw-Hill, Inc.
[31] Kitamura, T., Ito, T., Senda, J., and Fujimoto, H., 2002, "Mechanism of smokeless
diesel combustion with oxygenated fuels based on the dependence of the equivalence ration
and temperature on soot particle formation," International Journal of Engine Research,
3(4), pp. 223-248.
[32] Dec, J. E., 1997, "A conceptual model of DI diesel combustion based on laser-sheet
imaging," SAE Transactions - Journal of Engines, 106(SAE Paper No. 970873), pp. 1319 -
1348.
[33] Musculus, M. P., Miles, P. C., and Pickett, L. M., 2013, "Conceptual models for
partially premixed low-temperature diesel combustion," Progress in Energy and
Combustion Science, 39(2), pp. 246-283.
[34] Harris, S. J., and Weiner, A. M., 1985, "Chemical kinetics of soot particle growth,"
Annual Review of Physical Chemistry, 36(1), pp. 31-52.
[35] Lahaye, J., and Ehrburger-Dolle, F., 1994, "Mechanisms of carbon black formation.
Correlation with the morphology of aggregates," Carbon, 32(7), pp. 1319-1324.
[36] Plee, S. L., Myers, J. P., and Ahmad, T., 1981, "Flame temperature correlation for the
effects of exhaust gas recirculation on diesel particulate and NO\dx emissions," SAE
International Fall Fuels and Lubricants Meeting and Exhibition, SAE International, Tulsa,
Oklahoma.
[37] Glassman, I., 1996, "Combustion," Academic Pr.
[38] Mueller, C. J., Pitz, W. J., Pickett, L. M., Martin, G. C., Siebers, D. L., and Westbrook,
C. K., 2003, "Effects of oxygenates on soot processes in DI diesel engines: Experiments
and numerical simulations," SAE Transactions - Journal of Fuels and Lubricants,
112(2003-01-1791), pp. 964 - 981.
71
[39] Wu, F. J., Wang, J. X., Chen, W. M., and Shuai, S. J., 2009, "A study on emission
performance of a diesel engine fueled with five typical methyl ester biodiesels,"
Atmospheric Environment, 43(7), pp. 1481-1485.
[40] Sluder, C. S., Wagner, R. M., Lewis, S. A., and Storey, J. M. E., 2006, "Fuel Property
Effects on Emissions from High Efficiency Clean Combustion in a Diesel Engine," SAE
Technical Paper, pp. 01-0080.
[41] Northrop, W. F., Bohac, S. V., and Assanis, D. N., 2009, "Premixed low temperature
combustion of biodiesel and blends in a high speed compression ignition engine," SAE
International Journal of Fuels and Lubricants, 2(1), p. 28.
[42] Natti, K. C., Henein, N. A., Poonawala, Y., and Bryzik, W., 2009, "Particulate matter
characterization studies in an HSDI diesel engine under conventional and LTC regime,"
SAE International Journal of Engines, 1(1), p. 735.
[43] Kamimoto, T., and Bae, M.-h., 1988, "High combustion temperature for the reduction of
particulate in diesel engines," SAE Transactions - Journal of Engines, 97(880423), pp.
6.692 - 696.701.
[44] Bobba, M. K., Genzale, C. L., and Musculus, M. P. B., 2009, "Effect of ignition delay
on in-cylinder soot characteristics of a heavy duty diesel engine operating at low
temperature conditions," SAE International Journal of Engines, 2(1), p. 911.
[45] Musculus, M. P. B., 2006, "Multiple Simultaneous Optical Diagnostic Imaging of Early-
Injection, Low-Temperature Combustion in a Heavy-Duty Diesel Engine," SAE 2006
World Congress, SAE Paper No. 2006-01-0079, Detroit, Michigan.
[46] Kim, D., Ekoto, I., Colban, W. F., and Miles, P. C., 2009, "In-cylinder CO and UHC
imaging in a light-duty diesel engine during PPCI low-temperature combustion," SAE
International Journal of Fuels and Lubricants, 1(1), p. 933.
[47] Fang, T., Lin, Y. C., Foong, T. M., and Lee, C., 2009, "Biodiesel combustion in an
optical HSDI diesel engine under low load premixed combustion conditions," Fuel, 88(11),
pp. 2154-2162.
[48] Dec, J. E., 2009, "Advanced compression-ignition engines--understanding the in-
cylinder processes," Proceedings of the Combustion Institute, 32(2), pp. 2727-2742.
[49] Knight, B. M., Bittle, J. A., and Jacobs, T. J., "Efficiency considerations of later-phased
low temperature diesel combustion," Proc. Proceedings of the ASME Internal Combustion
Engine Division 2010 Fall Technical Conference, ASME Paper No. ICEF2010-35070.
[50] Miyamoto, N., Ogawa, H., Nurun, N. M., Obata, K., and Arima, T., 1998, "Smokeless,
low NOx, high thermal efficiency, and low noise diesel combustion with oxygenated
agents as main fuel," SAE transactions, 107, pp. 171-177.
72
[51] Envonik, "Transesterfication,"
http://biodiesel.evonik.de/product/biodiesel/en/about/transesterification/Pages/default.aspx.
[52] Canakci, M., 2007, "Combustion characteristics of a turbocharged DI compression
ignition engine fueled with petroleum diesel fuels and biodiesel," Bioresource Technology,
98(6), pp. 1167-1175.
[53] Senatore, A., Cardone, M., Rocco, V., and Prati, M. V., 2000, "A comparative analysis
of combustion process in D.I. diesel engine fueled with biodiesel and diesel fuel," SAE
2000 World Congress, SAE International, Detroit, Michigan.
[54] Canakci, M., and Van Gerpen, J. H., 2003, "Comparison of engine performance and
emissions for petroleum diesel fuel, yellow grease biodiesel, and soybean oil biodiesel,"
Transactions of the ASABE, 46(4), pp. 937-944.
[55] Klopfenstein, W., 1985, "Effect of molecular weights of fatty acid esters on cetane
numbers as diesel fuels," Journal of the American Oil Chemists' Society, 62(6), pp. 1029-
1031.
[56] Gopinath, A., Puhan, S., and Nagarajan, G., 2009, "Relating the cetane number of
biodiesel fuels to their fatty acid composition: a critical study," Proceedings of the
Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering, 223(4),
pp. 565-583.
[57] Knothe, G., Matheaus, A. C., and Ryan, T. W., 2003, "Cetane numbers of branched and
straight-chain fatty esters determined in an ignition quality tester," Fuel, 82(8), pp. 971-
975.
[58] Ford, 2011, "Power: Cleanest Super Duty Ever,"
http://www.ford.com/trucks/superduty/2011/features/#page=Feature4.
[59] Kegl, B., and Hribernik, A., 2006, "Experimental analysis of injection characteristics
using biodiesel fuel," Energy & Fuels, 20(5), pp. 2239-2248.
[60] Sun, J., Caton, J. A., and Jacobs, T. J., 2010, "Oxides of nitrogen emissions from
biodiesel-fuelled diesel engines," Progress in Energy and Combustion Science, 36(6), pp.
677-695.
[61] Mueller, C. J., Boehman, A. L., and Martin, G. C., 2009, "An experimental investigation
of the origin of increased NOx emissions when fueling a heavy-duty compression-ignition
engine with soy biodiesel," SAE Int. J. Fuels Lubr., 2, pp. 789-816.
[62] Zheng, M., Mulenga, M. C., Reader, G. T., Wang, M., Ting, D. S. K., and Tjong, J.,
2008, "Biodiesel engine performance and emissions in low temperature combustion," Fuel,
87(6), pp. 714-722.
73
[63] Kitabatake, R., Shimazaki, N., and Nishimura, T., 2006, "Expansion of premixed
compression ignition combustion region by supercharging operation and lower
compression ratio piston," SAE Transactions-SAE of Japan, 37(5), p. 119.
[64] Ghurri, A., Jae-duk, K., Kyu-Keun, S., Jae-Youn, J., and Gon, K. H., 2011, "Qualitative
and quantitative analysis of spray characteristics of diesel and biodiesel blend on common-
rail injection system," Journal of mechanical science and technology, 25(4), pp. 885-893.
[65] Jansons, M., Estefanous, F., Florea, R., Taraza, D., and Henein, N., 2008, "Experimental
Investigation of Single and Two-Stage Ignition in a Diesel Engine," SAE Technical Paper,
Pa No. 2008-01-1071.
[66] Pickett, L., Siebers, D., and Idicheria, C., "Relationship Between Ignition Processes and
the Lift-Off Length of Diesel Fuel Jets, SAE Technical Paper 2005-01-3843, 2005."
[67] Pickett, L. M., 2005, "Low flame temperature limits for mixing-controlled diesel
combustion," Proceedings of the Combustion Institute, 30(2), pp. 2727-2735.
[68] Hwang, W., Dec, J., and Sjöberg, M., 2008, "Spectroscopic and chemical-kinetic
analysis of the phases of HCCI autoignition and combustion for single-and two-stage
ignition fuels," Combustion and Flame, 154(3), pp. 387-409.
[69] Shibata, G., and Urushihara, T., 2009, "Dual Phase High Temperature Heat Release
Combustion," SAE International Journal of Engines, 1(1), pp. 1-12.
[70] Westbrook, C., Naik, C., Herbinet, O., Pitz, W., Mehl, M., Sarathy, S., and Curran, H.,
2011, "Detailed chemical kinetic reaction mechanisms for soy and rapeseed biodiesel
fuels," Combustion and Flame, 158(4), pp. 742-755.
[71] Sjöberg, M., and Dec, J. E., 2007, "Comparing late-cycle autoignition stability for
single-and two-stage ignition fuels in HCCI engines," Proceedings of the Combustion
Institute, 31(2), pp. 2895-2902.
[72] Benjumea, P., Agudelo, J., and Agudelo, A., 2008, "Basic properties of palm oil
biodiesel–diesel blends," Fuel, 87(10–11), pp. 2069-2075.
[73] Pratas, M. J., Freitas, S. V., Oliveira, M. B., Monteiro, S. C., Lima, Á. S., and Coutinho,
J. A., 2011, "Biodiesel density: Experimental measurements and prediction models,"
Energy & Fuels, 25(5), pp. 2333-2340.
[74] Depcik, C., Jacobs, T., Hagena, J., and Assanis, D., 2007, "Instructional use of a single-
zone, premixed charge, spark-ignition engine heat release simulation," International Journal
of Mechanical Engineering Education, 35(1), pp. 1-31.
[75] Hohenberg, G. F., 1979, "Advanced approaches for heat transfer calculations," SAE
Transactions, 88(790825), pp. 2788-2806.
74
[76] Figliola, R., and Beasley, D., 2000, Theory and Design for Mechanical Measurements,
John Wiley & Sons, Inc.
[77] Murata, Y., Kusaka, J., Odaka, M., and Daisho, Y., 2006, "Achievement of Medium
Engine Speed and Load Premixed Diesel Combustion with Variable Valve Timing," SAE
Technical Paper, Paper No. 2006-01-02203.
[78] Mueller, C. J., Boehman, A. L., and Martin, G. C., 2009, "An experimental investigation
of the origin of increased NOx emissions when fueling a heavy-duty compression-ignition
engine with soy biodiesel," SAE International Journal of Fuels and Lubricants, 2(SAE
Paper No. 2009-01-1792), pp. 789 - 816.
[79] Musculus, M. P. B., 2004, "On the correlation between NOx emissions and the diesel
premixed burn," SAE transactions, 113(4), pp. 631-651.
[80] Chakravarthy, V. K., McFarlane, J., Daw, C. S., Ra, Y., and Griffin, J. K., 2008,
"Physical properties of bio-diesel & Implications for use of bio-diesel in diesel engines,"
Oak Ridge National Laboratory (ORNL); Fuels, Engines and Emissions Research Center;
National Transportation Research Center.
[81] Kuti, O., Xiangang, W., Zhang, W., Nishida, K., and Huang, Z., 2010, "Characteristics
of the ignition and combustion of biodiesel fuel spray injected by a common-rail injection
system for a direct-injection diesel engine," Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering, 224(12), pp. 1581-1596.
[82] Ra, Y., Reitz, R. D., McFarlane, J., and Daw, C. S., 2009, "Effects of Fuel Physical
Properties on Diesel Engine Combustion using Diesel and Bio-diesel Fuels," SAE
International Journal of Fuels and Lubricants, 1(1), pp. 703-718.
[83] Yoon, S. H., Suh, H. K., and Lee, C. S., 2009, "Effect of spray and EGR rate on the
combustion and emission characteristics of biodiesel fuel in a compression ignition
engine," Energy & Fuels, 23(3), pp. 1486-1493.
[84] Tat, M., Van Gerpen, J., Soylu, S., Canakci, M., Monyem, A., and Wormley, S., 2000,
"The speed of sound and isentropic bulk modulus of biodiesel at 21°C from atmospheric
pressure to 35 MPa," Journal of the American Oil Chemists' Society, 77(3), pp. 285-289.
[85] Bittle, J., Zheng, J., Xue, X., Song, H., and Jacobs, T., 2014, "Cylinder-to-cylinder
variation sources in diesel low temperature combustion and the influence they have on
emissions," International Journal of Engine Research, 15(1), pp. 112-122.
[86] Tompkins, B. T., and Jacobs, T. J., 2013, "Low-Temperature Combustion with
Biodiesel: Its Enabling Features in Improving Efficiency and Emissions," Energy & Fuels,
27(5), pp. 2794-2803.
[87] Konishi, K., Sakai, Y., and Ishihara, A., 2011, "Modeling of spray combustion for the
prediction of nitric oxide emission from large-sized marine diesel engines," Journal of
Environment and Engineering, 6(1), pp. 41-52.
75
[88] Nerva, J.-G., Genzale, C. L., Kook, S., García-Oliver, J. M., and Pickett, L. M., 2013,
"Fundamental spray and combustion measurements of soy methyl-ester biodiesel,"
International Journal of Engine Research, 14(4), pp. 373-390.
[89] Li, L., Zhang, X., Wu, Z., Deng, J., and Huang, C., 2006, "Experimental study of
biodiesel spay and combustion characteristics," Powertrain and Fluid Systems Conference
and Exhibition SAE International, Toronto, Ontario, CANADA, pp. SAE Paper No. 2006-
2001-3250.
[90] Vaughn, T., Hammill, M., Harris, M., and Marchese, A. J., "Ignition delay of bio-ester
fuel droplets," SAE Technical Paper 2006-01-3302.
[91] Pickett, L. M., 2005, "Low flame temperature limits for mixing-controlled Diesel
combustion," Proceedings of the Combustion Institute, 30, pp. 2727-2735.
[92] Allen, C. M., Toulson, E., Hung, D. L., Schock, H., Miller, D., and Lee, T., 2011,
"Ignition characteristics of diesel and canola biodiesel sprays in the low-temperature
combustion regime," Energy & Fuels, 25(7), pp. 2896-2908.
[93] Heywood, J. B., 1981, "Automotive engines and fuels: A review of future options,"
Progress in Energy and Combustion Science, 10(6), pp. 541-542.
[94] Bunting, B., Wildman, C., Szybist, J., Lewis, S., and Storey, J., 2007, "Fuel chemistry
and cetane effects on diesel homogeneous charge compression ignition performance,
combustion, and emissions," International Journal of Engine Research, 8(1), pp. 15-27.
[95] Westbrook, C. K., Naik, C. V., Herbinet, O., Pitz, W. J., Mehl, M., Sarathy, S. M., and
Curran, H. J., 2010 - in press, "Detailed chemical kinetic reaction mechanisms for soy and
rapeseed biodiesel fuels," Combustion and Flame.
[96] Li, L., Zhang, X., Wu, Z., Deng, J., and Huang, C., 2006, "Experimental study of
biodiesel spray and combustion characteristics," SAE Technical Paper 2006-01-3250.
[97] Mellor, A., Russell, S., Humer, S., and Seshadri, K., 2004, "Thermal ignition theory
applied to diesel engine autoignition," International Journal of Engine Research, 5(2), pp.
193-204.
